Objective: The purpose of present study is to investigate small intestinal trehalase activity and the ability to utilize trehalose in healthy Japanese subjects. Design: First, transitory laxative thresholds of trehalose and lactulose were estimated for each of 20 Japanese female subjects. Then, according to the difference between two relative laxative thresholds, small intestinal trehalase activity was estimated for each individual subject. Trehalose tolerance tests were then carried out on two groups with lower or higher trehalase activity. Setting: Department of Nutrition, Faculty of Medicine, University of Tokyo. Results: When 30 g of trehalose were administered orally to six subjects with the low trehalase activity, blood glucose and insulin levels scarcely elevated after loading. In contrast, when 50 g of trehalose were administered orally to six subjects with high trehalase activity, blood glucose levels quickly and signi®cantly increased 30 min after loading (P`0.01) and slightly decreased after 60 min, reducing quickly to a fasting level 90 min after loading. Blood insulin levels also peaked 30 min after administration. Yet, decreases in blood insulin levels in the trehalose loading experiment were delayed in comparison with the same amount of glucose ingestion, and peak insulin levels were signi®cantly lower than those with glucose ingestion (P`0.01). Conclusion: We conclude that subjects with high trehalase activity can effectively utilize trehalose which is ingested from the diet, and when a subject with low trehalase activity ingests a large amount of trehalose, a portion of the trehalose might pass through the small intestine and reach the large intestine where it is fermented completely by colonic bacteria. Therefore, the apparent digestibility of trehalose is similar in both subjects with low and high trehalase activities.
Introduction
Trehalose, a nonreducing disaccharide, is found in mushrooms, honey, baker's yeast and also in numerous insects (Birch, 1963; Clegg, 1965; Koch & Koch, 1925) . It has unique properties, which provide stability to heat and acid (Sola-Penna & Fernandes, 1998) , providing excellent recourse from freezing and drying, as well as prolonging the shelf life of food products containing starch (Roser, 1991) . A new method in which trehalose is derived from starch at a low cost has been developed (Tabuchi et al, 1995) , and has broadened its application to food products (Saito, 1997) . Therefore, the intake of trehalose from processed foods might be increased gradually in the near future.
Trehalose is hydrolyzed to two molecules of glucose by the speci®c enzyme trehalase, which is localized in the brush border membrane of the small intestine (Dahlqvist & Nordstrom, 1962; Dahlqvist & Brun, 1962) . The hydrolyzing activity is lower than that of lactase in the human small intestine (Madzarovova-Nohejlova, 1973) . Additionally, a de®ciency in trehalase has been found previously in some families (Madzarovova-Nohejlova, 1973; Bergoz, 1971) . It is not clear, however, whether the maximum utility for trehalose is low or high among the Japanese.
On the other hand, nondigestible andaor nonabsorbable sugar alcohols and oligosaccharides regularly cause high osmotic diarrhoea when large amounts are ingested simultaneously. Trehalose also causes diarrhoea because it is not digested completely in the small intestine when large enough amounts are ingested at the same time. The transitory laxative threshold of trehalose is 0.65 g per kg of body weight per single ingestion, while that of lactulose, not hydrolyzed by any disaccharidases, is 0.26 g per kg of body weight in healthy Japanese subjects (Oku & Okazaki, 1998) . The difference between these two laxative thresholds depends on the digestibility of both saccharides in the small intestine. Therefore, a small amount of trehalose, which comes from a daily average diet, might be completely digested and absorbed in the small intestine.
The purpose of the present study is to investigate trehalase activity in the small intestine, and the amount of trehalose utilizable among Japanese. Small intestinal trehalase activity was evaluated from the standpoint of the minimal dosage at which diarrhoea is induced by the ingestion of partially digestible trehalose and nondigestible lactulose (Inoue et al, 1973; Oku, 1997) . Then, a trehalose tolerance test was carried out in two groups with lower and higher trehalase activity, resulting in a discussion of the amount of trehalose utility among the Japanese.
Subjects, materials and methods

Subjects
Twenty-two normal Japanese subjects, all of whom were female college students, took part in this study. The average age was 21.8 AE 5.4 y. They had no history of gastrointestinal diseases and had not been treated with antibiotics and laxatives in the 2 week period before the experiment. They were asked their daily frequency of defecation. Nobody had a severe constipation. Finally, 20 healthy subjects gave their informed and written consent to participate, were selected and participated in the study (Table 1) . Six subjects whose trehalase activity was evaluated as higher and another six subjects whose trehalase activity was evaluated as lower participated in tolerance tests of trehalose and glucose.
Trehalose (more than 99.8% purity) was kindly provided by Hayashibara Inc. (Okayama, Japan) and lactulose (more than 98% purity) was given by Morinaga Milk Industry Inc. (Tokyo, Japan), respectively. All of the chemicals employed were of analytical grade or the highest grade available.
Protocol of administration of test substances
In order to estimate the transitory laxative threshold of trehalose and lactulose, several levels of trehalose and lactulose were administered to each individual subject. Dosage levels of trehalose which were partially digested by the small intestinal enzyme were 30, 40, 50 and 60 g, while those of lactulose, which is nondigestible, were 10, 20, 30 and 40 g. The test substances were dissolved in 100 ± 150 ml of tap water and ingested 2 ± 3 h after a meal. The order of test substance ingestion progressed from the smaller to the larger amount, and stopped at the dosage level which caused diarrhoea, or at the maximum dosage amount in this study. The ingestion of each test substance was carried out after abdominal symptoms caused by the loading of the previous test substance had disappeared. Trehalose was administered ®rst to a half of the subjects and lactulose was given second. To the other half of the subjects, ®rst lactulose was administered, followed by trehalose.
From the day prior to administration, all subjects were required to avoid the ingestion of foods and beverages containing nondigestible sugar substitutes and any fermented foods which might cause diarrhoea. On the day of administration, subjects were not permitted to eat or drink any foods at least 2 h after ingestion of the test substance.
Observation of faecal shape and frequency, gastrointestinal symptoms and physical condition After administration of the test substance, the type and onset time of abdominal symptoms, the frequency of defecation, and the macroscopic ®nding of stool shapes were recorded by the subjects themselves. The examiner con®rmed recordings in these questionnaires as they were received. The questionnaire on diarrhoea included the examination of stool shape, ie very hard, hard, normal, soft, very soft (muddy) and watery (Oku & Okazaki, 1996) . The detection of stools that were muddy or watery was de®ned as diarrhoea. The questionnaire on abdominal symptoms asked about upper and lower abdominal pain, vomiting, nausea, thirst,¯atus, distension and borborygmus. Food intake was also recorded by individual subjects before and on the day of administration of the test substances, and the nutrient intake was calculated.
Tolerance test of trehalose and glucose From the results of the initial experiment, small intestinal trehalase activity was estimated for each individual subject, and the six subjects with lower trehalase activity as well as the other six subjects whose trehalase activity was higher proceeded to take tests of trehalose and glucose.
Single 2 ml samples of venous blood were collected from the forearms of 12 subjects after an overnight fasting. Then the six subjects with lower estimated trehalase activity were administered 30 g of trehalose dissolved in 100 ± 150 ml of tap water, while the other six subjects with higher estimated trehalase activity were administered 50 g of trehalose. Venous blood samples were taken at 30, 60, 90, 120 and 150 min (30 min intervals for 2.5 h) after loading. Five days after the trehalose tolerance test, these 12 subjects were examined again for glucose tolerance according to the same methods employed in the trehalose tolerance test.
Determinations of blood glucose and insulin Blood glucose was determined by glucose oxidase (Kunst et al, 1984) and serum insulin, as measured by the enzyme immunoassay method (Liversey et al, 1980) .
Statistical analysis and calculation of results
Blood glucose and insulin levels and onset times of side effects and diarrhoea caused by test substances were compared by paired Student's t-test with the frequency of symptoms of side effects from test substances using SPSS. Comparisons were based on Fisher's protected least signi®cance difference test. Differences were considered using a signi®cant level of P`0.05.
Ethical considerations
The studies were approved by the Ethical Committee of the Faculty of Medicine at the University of Tokyo and the informed consent was obtained from all subjects.
Results
The condition of subjects Twenty subjects participated in experiments, which observed the relationship between the ingestion of trehalose or lactulose and diarrhoea incidence. The average frequency of defecation was 5.3 days per week. Eleven subjects had less than 5 defecation days per week and 9 subjects had more than 6 defecation days per week. The Trehalase activity and trehalose tolerance test T Oku and S Nakamura average intake of energy and protein before and on the day of the experiment was 7064 AE 1898 kJ (1690 AE 454 kcal) and 75 AE 17.6 g per day, respectively.
Evaluation of intestinal trehalase activity from the relationship between trehalose or lactulose intake, and diarrhoea incidence Trehalose is digested slowly by trehalase, whereas lactulose is not hydrolyzed by any digestive enzymes. Therefore, it is considered that lactulose can easily cause high osmotic diarrhoea in comparison with trehalose when the same amount of both materials is ingested by the same subjects. Thus, the difference between the minimal amount of trehalose or lactulose, which causes diarrhoea, is considered to re¯ect roughly on the level of small intestinal trehalase activity. Table 2 shows the relationship between the ingestion of trehalose or lactulose and diarrhoea incidence. When 30 g of trehalose were ingested once in 20 subjects, nobody had watery or muddy faeces. Ingestion of 40 g of trehalose caused watery or muddy faeces in ®ve out of 20 subjects (25%). Still, 15 subjects did not incur diarrhoea. Half of the total subjects (10a20) did not have diarrhoea even at the ingestion level of 60 g of trehalose, which is the maximum dose level in this study (Table 2) .
Again, when 10 g of lactulose, which is nondigestible, was ingested by the same subjects (n 20), nobody had watery or muddy faeces, but the ingestion of 20 or 30 g of lactulose caused watery or muddy faeces in 10 out of 20 subjects (50%). The ingestion of 40 g of lactulose caused cumulative diarrhoea in 15 out of the total subjects (75%) ( Table 2 ). These results suggest that the effects of trehalose and lactulose on the induction of diarrhoea differ greatly from person to person, and the effect of lactulose for diarrhoea is evidently stronger than that of trehalose. This study considers that this effective difference for diarrhoea between lactulose and trehalose depends on intestinal trehalase activity. Therefore, subjects who have higher or lower trehalase activity can be recognized from the results in Table 2 .
Subject nos 14, 17 and 20 in Table 2 demonstrate that the ingestion of 20 g of lactulose caused diarrhoea, whereas the ingestion of 30 g of trehalose did not cause diarrhoea. If trehalose is not hydrolyzed by any digestive enzymes, the ingestion of 20 g of trehalose, which has the same osmotic pressure as lactulose, must cause diarrhoea. Therefore, these results demonstrate that more than 10 g of trehalose was digested and absorbed in the small intestines of these subjects. In subject no. 3, even ingestion of more than 60 g of trehalose did not cause diarrhoea, but the digestion of 20 g of lactulose caused diarrhoea. The difference between the dose levels of trehalose and lactulose indicates that more than 40 g of trehalose is digested by trehalase and that intestinal trehalase activity may be very high. As with subject no. 3, subject nos 8, 16 and 18 appear to be able to digest more than 30 g of trehalase. It is demonstrated that they also have high trehalase activity in their small intestines.
By contrast, subject nos 1 and 2 experienced diarrhoea at the same dosage (40 g) of lactulose and trehalose, which seems to indicate that they have very low trehalase activity, and are resistant to diarrhoea which is induced by nondigestible saccharide ingestion in comparison with subject nos 14, 17 and 20. Subject nos 9, 10 and 11 had no diarrhoea even when they ingested of 60 g of trehalose, or 40 g of lactulose. They must be very resistant to diarrhoea induced by nondigestible saccharides. We had not tested whether the intestinal trehalase activity of these subjects was high or low.
These results suggest that subject nos 3, 5, 8, 12, 13, 16 and 18 have higher intestinal trehalase activity, and subject nos 1, 2, 6, 14, 15, 17 and 20 have lower intestinal trehalase activity. These subjects had participated in tolerance tests of trehalose and glucose.
Comparison between trehalose and lactulose ingestions on evacuation and abdominal symptoms in subjects with low and high trehalase activity Both groups, ie subject nos 5, 8, 16 and 18 who have higher trehalase activity and subject nos 1, 2, 6 and 15 who have lower trehalase activity, ingested 30 g of trehalose and lactulose, respectively. Therefore, the effects of the same dosage of test substances were compared directly on the basis of evacuation and abdominal symptoms.
As shown in Table 3 , no subjects with higher trehalase activity experienced diarrhoea when 30 g of trehalose were ingested, whereas all subjects had diarrhoea when 30 g of lactulose were administered orally. Furthermore, although those subjects who had ingested 30 g of trehalose did not complain of abdominal symptoms, some abdominal symptoms Table 3 Comparison of diarrhoea incidence after ingestion of the same amount of trehalose and lactulose in groups with low and high trehalase activity
Groups Trehalose Lactulose
High activity (n 4) none 4 Low activity (n 4) none none Subjects who were able to ingest 30 g of trehalose and 30 g of lactulose each were separated into two groups on the both high and low trehalase activity in order to compare the incidence of diarrhoea from the same ingested amount of test substances. The numbers of subjects selected in each group was four (total of eight subjects).
Trehalase activity and trehalose tolerance test T Oku and S Nakamura were complained of by more than 50% of subjects when the same amount (30 g) of lactulose was ingested (Figure 1 ). The reason why the effect of trehalose was weaker than that of lactulose appears to be the variation in reduction of trehalose by trehalase in the small intestine, that is, the amount which reaches the large intestine is less than lactulose. In contrast, no subject with lower trehalase activity experienced diarrhoea at the level of ingestions of 30 g of trehalose and lactulose, respectively (Table 3) . Some abdominal symptoms were complained of by 30% of subjects in both ingestions of trehalose and lactulose ( Figure 1 ). These results demonstrate that lactulose readily causes diarrhoea and abdominal symptoms in comparison with trehalose in subjects with higher trehalase activity, although the differing effects are not observed in subjects with lower trehalase activity.
Comparison between trehalose and lactulose ingestions on onset time of diarrhoea and abdominal symptoms Appearance of abdominal symptoms increased dependent on the amount of trehalose and lactulose intake. Frequent indication of¯atus, distension and borborygmus appeared at every dosage level of trehalose and lactulose ingestion. In addition, large amounts of ingestion caused lower and upper abdominal pains. Nausea and thirst appeared more frequently with lactulose and larger dosages of trehalose, but they were rarely found at the lesser dosages. The high incidence of nausea in trehalose ingestion seems to be a consequence of high osmotic pressure in the stomach induced by the large amount of trehalose. The frequency of abdominal symptoms caused by trehalose was less in comparison with that of lactulose.
The difference between the amount of trehalose and lactulose, which caused diarrhoea, was equal for eight subjects in Table 1 . In these subjects, the onset time of diarrhoea and abdominal symptoms as compared for trehalose and lactulose ingestions. Since the amount of test substances which reached the large intestine was the same in all subjects, the effects on diarrhoea and abdominal symptoms seems to be similar.
The onset time at which diarrhoea occurred after ingestion of trehalose or lactulose was similar, 3.65 h for both test substances (Table 4 ). The onset time at which abdominal symptoms ®rst appeared was 2.37 h for trehalose and 1.24 h for lactulose, respectively, but with no signi®cant difference between both these saccharides. The frequency of abdominal symptoms from the ingestion of trehalose or lactulose produces no signi®cant difference between the test substances.
Tolerance test of trehalose in subjects with low and high trehalase activity Thirty grams of trehalose or glucose were administered to six subjects (nos 1, 2, 6, 14, 15 and 17) who were evaluated as lower trehalase activity, and blood glucose and insulin levels were measured at 0, 30, 60, 90, 120 and 150 min after ingestion. Blood glucose and insulin levels elevated greatly at 30 min and returned to the initial level 90 ± 120 min after the administration of glucose (Figure 2) . By contrast, blood glucose and insulin levels did not increase in these subjects 30 and 60 min after the same amount of ingestion of trehalose, and were signi®cantly lower than those for glucose ingestion (P`0.01 and P`0.05). The results in these subjects suggest that a large portion of trehalose ingested might pass through the small intestine and reach the large intestine where it is fermented completely by colonic bacteria.
On the other hand, 50 g of trehalose were administered to six subjects (nos 3, 5, 8, 12, 13 and 18) who were evaluated as higher trehalase activity, and blood glucose and insulin levels were compared with those of 50 g of glucose ingestion (Figure 3 ). Blood glucose levels quickly increased to the glucose ingestion level 30 and 60 min after administration of trehalose. Afterward, blood glucose levels reduced slowly but were signi®cantly higher than that of glucose ingestion at 90 and 120 min, although they returned to the initial level after 150 min. Blood insulin levels were signi®cantly lower than with glucose ingestion (P`0.05), although they also peaked at 30 min and decreased slowly for 150 min after administration. These results suggest that subjects with higher trehalase activity can effectively utilize trehalose which is ingested orally from foods.
Discussion
Transitory laxative thresholds of trehalose which is digested slowly by trehalase, and lactulose which is not hydrolyzed by any disaccharidases (Oku, 1997) , were evaluated for 20 female subjects then followed by small Figure 1 Comparision between trehalose and lactulose ingestions on the frequency of abdominal symptoms in subjects with high or low trehalase activity. Each of four subjects (total eight) who were estimated as either high or low trehalase activity were given 30 g of trehalose and lactulose, respectively, and the frequency of abdominal symptoms was compared in terms of trehalose or lactulose ingestion. The frequency of abdominal symptoms from test substances was compared by means of Fisher's protected least signi®cance test. Differences were considered using a signi®cant level of P`0.05. The subjects (n 8) in whom the difference between the amounts at which diarrhoea was caused by trehalose and lactulose was equal in Table 1 , namely those in whom the amount which reached the large intestine was same, were selected and calculated statistically. Data are expressed as mean AE s.d. NS, no signi®cant difference between ingestions of both trehalose and lactulose in paired Student's t-test.
Trehalase activity and trehalose tolerance test T Oku and S Nakamura intestinal trehalase activity where the individual subject was evaluated for difference in the laxative threshold of both disaccharides. The laxative threshold of nondigestible saccharides including trehalose and lactulose is considered to vary widely in individual subjects. Laxative thresholds of trehalose and lactulose differed greatly among subjects in the present study. Two reasons are considered for the wide variation in the laxative threshold of nondigestible saccharides. One reason is that intestinal micro¯ora, which change according to factors such as diet, age, stress and environment, differ greatly among the subjects (Mitsuoka & Hayakawa, 1972) . If colonic bacteria can readily and actively utilize those saccharides, the elevation of osmotic pressure in the colon becomes milder. Accordingly, the appearance of diarrhoea may be alleviated by the utilizable activity of colonic bacteria. Thus, the laxative threshold can be expected to be increased in these subjects. Another reason is that sensitivity to diarrhoea induced by nondigestible saccharides differed greatly among the subjects. In this study, when the same amount of lactulose was administered orally, some subjects experienced diarrhoea and others did not. For instance, subject no. 14 had diarrhoea at the ingestion level of 0.38 g of lactulose per kg of body weight, but subject no. 15 did not experience diarrhoea at the ingestion level of more than 0.85 g of lactulose per kg of body weight. Since the laxative threshold of saccharides which are not digested by intestinal enzymes is affected by both the utilizable capacity of intestinal micro¯ora and the sensitivity of the subject to diarrhoea from this saccharide, the value level for dosage that is noneffective will vary widely for each subject.
In the present study, a total of 12 subjects who were estimated to have higher or lower trehalase activity were selected from 20 total subjects for actual administration of tolerance tests of trehalose and glucose. Certainly, some of these 20 subjects must have had an intermediate activity of trehalase. In the trehalose tolerance test, 30 g of trehalose was the maximum dose level at which all of the subjects Figure 2 Blood glucose and insulin levels after administration of trehalose and glucose in subjects with low trehalase activity. Thirty grams of trehalose or glucose were administered to subjects (n 6) whose trehalase activity had been estimated to be lower, after fasting for 14 h. Blood glucose was collected 0, 30, 60, 90, 120 and 150 min after ingestion. Blood glucose and insulin levels were determined by the method shown in the Materials and methods. *, **Signi®cantly different from glucose ingestion at P`0.05 and P`0.01 in paired Student's t-test, respectively.
Figure 3 Blood glucose and insulin levels after administration of trehalose and glucose in subjects with high trehalase activity. Fifty grams of trehalose or glucose were administered to subjects (n 6), whose trehalase activity had been estimated to be higher, after fasting for 14 h, and blood glucose were determined as shown in Figure 2 . *, **Signi®cantly different from glucose ingestion at P`0.05 and P`0.01 in paired Student's t-test, respectively.
Trehalase activity and trehalose tolerance test T Oku and S Nakamura with lower trehalase activity did not have diarrhoea, and 50 g of trehalose the maximum dose level in subjects with the higher trehalase activity.
The blood glucose and insulin levels for subjects for whom trehalase activity had been evaluated as lower, clearly did not elevate. However, the result does not demonstrate essentially that intestinal trehalase activity is zero or negligible. Probably, a little trehalose ingested orally seems to be digested and absorbed slowly in the small intestine, but cannot elevate to a detectable level of blood glucose. In subjects with higher trehalase activity, blood glucose at 30 min after ingestion increased markedly to a level equivalent to the same amount of glucose being administered orally, but the decrease of blood glucose was delayed in comparison with that of glucose administration. Also, blood insulin levels increased signi®cantly from the basal level (P`0.05) but were lower than those for glucose ingestion, although their blood glucose levels were equal to having had a glucose ingestion. Trehalose administered orally might be digested slowly by intestinal trehalase, in the presence of a mild secretion of insulin from the pancreas. These results demonstrate that trehalose may be able to be used as a sweetener and be an energy source for patients with diabetes mellitus.
In order to compare the effect of trehalose and lactulose on diarrhoea and abdominal symptoms, four subjects each of a total of eight subjects who had higher or lower trehalase activity and for whom the ingested amount of trehalose and lactulose was the same, were selected from the 20 subjects. The amount ingestion used to compare the effects of both saccharides was the 30 g level only. When the subjects with higher trehalase activity were administered 30 g of trehalose, no subject experienced diarrhoea and had abdominal symptoms, whereas all subjects with higher trehalase activity had diarrhoea with the ingestion of 30 g of lactulose. No subject with lower trehalase activity had diarrhoea at levels of ingestions of 30 g of trehalose and lactulose. The difference between the higher and lower trehalase is based on the digestibility of trehalose and lactulose in the small intestine. However, it is unclear whether the subjects with lower trehalase activity did not actually experience diarrhoea from both ingestions of trehalose and lactulose. It may be that these subjects may have low sensitivity for diarrhoea, thus making only some abdominal symptoms appear.
In this study, the onset times of diarrhoea and abdominal symptoms and the frequency of abdominal symptoms were not different between trehalose and lactulose ingestions. The results are reasonable because the amounts which reached the large intestine, were equal, although the amount of ingestion differed in both saccharides. It seems unlikely that trehalose intake from common foods is over 20 g a day. Therefore, side-effects such as diarrhoea and abdominal symptoms should not be experienced in daily life.
